


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


2000 


Analysis of the Waterhammer concept as a 
mine countermeasure system 


Karun, Ronald J. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/26374 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
D U DLEY research materials and institutional publications created by the NPS community. 
get Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 




















































































































boy! ar i) 
ee Ses eeae 8 8 emg t en fat tet ete tydedewe sh" Ra be> mene ole warble 
« =e . . ene ng @ 2 fet Rene od ~ Srore wee ORs te SCOT E be Cohan Puen eM ha ULAR 48 tine htm eS sie oF 
Fe eee aca rain ane OE 0 Wis) $255) re oe “ foe bie Facet at stoty PAGO Re Dee, bi ohe oR me eS oye e TB ew ha™ nme ON a8 ad ee enn: 
SHER TTD EA wee 6 ate 8) 2 at ote me hire, eS p Weiaspeneo sete evage ta tONW too er ae teed VMSULMA APDIP ete IE Kiet ii eeIeTtie ee iret 
Cbedalaagtio emets Ong i en we tren = pf 6 8 te ears greta ee tyey Faehm OY vee ee « g3n% nt pg @e. 2 oie: tare heeess C8e% aces te=e Ctemman Ege ve 
CPL ae peeredtee genta yl -8) Sarde tm ete ¢ "ee 8 : genta ee = }h Somme ty ” oe 6 oF eeted seh ere a He. ae ? oS Fe mikey e H mea he aoe rer dy xtah shat sOeGryeeaee 1 
uy vee Eat ins es ph daca Psi Lal hs NATE cleeet rene: aber Vite a ehh 4 tae eet La waveR Syme ele ate ao PARES wl eeemrew wheee 
<0 Che a 5 poate cent sey tes at UR i ° 2 acete wt Ce vee CAO g Ps DUANE IY red etbes ph athe tere SsPathyl nk pwes, 
whe Watela Persad srahrte tty wa Pedetveglareaia® -efuth t viws ’ bee r+ yt! Me Der "43 BVPI ere onder een et, ps mite gry WNe wet tersts ws en he VENT 8 ion Ya Ol eR ae poe, 
Moor re Owe ar neta? y Sicgewree noe oe sate ow tw ane "oF t 8 Me eRqerte rates ’ shes 0h badere sare apatts etas Oth a, 62 WRG ham aval ewe asetey ars Bhi ew nd Sanaty bral sb e iber ete 
be -t daliabt bade Sal bade Ld «ma Pad b hd bee to Loe d-deee ' wiseater te OSE wt ge Ngee 8 vet teerec®s os at te ee ae rer LT eT te 
o eg. . ORE cee 0 OVP Ade OM ae Or iyin bh? fo a tune : 7 wae “ woh saat SOAS BODES weer Ley 9a fawn at, 
Me me tadeal ewe yO Mate OObM, OYA YE Wd ees | TELE EE AAG? fon pe Pete tyes ie! ete “of eae halt tL ‘ wo Peetotep Wein whee We Cee TOM REM. w KlyeR ie aMn TaN SS Dotamal gf a* 
Fee te eves hem Piote Beery cry eke e face Bodin te ehscsagesSeved ine fer, Pad tom dae ‘ 7. bs bree @ gehe Masetatee Berge <5 is ebeby her hata eget geyh ve Motels hs atas anoratyrigits a? ora ybates 
Patt, MOF wes 2 OM, ye eV eevee wae AGO RET Oe ate eee Pefa A, ew yg aye = eeegenee 2 .. ~ &, o- % «Sd we hd UAC Ee tees Y Hye 2 Sb Bertohs Marsty 2 bat Meh ed, Fe bie Suse at Tabet 
4 FEF ah tee tae 4 6 eT E RTT Es Eee es 4! 3s scasyend cans LEG aa Cte ok I nS es Led Det “« ' ¢ see a hers Teder eas {ete . wee Bo nota Sn Ve, DEF ADig brie Samgmen, 
FON reel ay Tate ty ih ee Oe oe) ee ee aot ee ane ts af Se * Cow 08 O94 Ses Mee wr aaqegt- 0° wee Bw PWe bathe He EES OWTRT ET 2. reste ® one tela ces Dieses 
oP eaten "eae “eh doda See PB apd femme, Fae pdore Oe 9 are UE TeeRe Ke euyendes ones de wat ee ee eT eT TS ee «ow . ers ae 2 Sara. hw ean on Pumnecs 82 
ie 2 tee Te ee pee open: olekal yf. een o« 408 dene seen ee} « bive + ae eS «6 Oe Ty ge ao e4nee 8 Ne ey BOHR ae eS AS eseh Samp perty oper tcbetese* » 
= ay Peete teresa Ciara aeeicie® i eee She) Huila reas ee c Se aetive & ae ave ‘ ae 2 aOR etm Pees a wietai de vsets pto® Garver a: 
BS Bre ee bh a, meas Eueeeege ROLY Fate’ Cece $e: Ad Ro de Bhi uae Se a te As : + a*efntets ee = Dope awe ss 808 te heads eaes bes 
= Grigtg yl fads acasaee:’ eee Sh Let ts oe ot eed See te Uey he Pi ’ ene p tee ee t on ® tas eets tener nae aged Veen tes Sutee Wee Bebee At icle emnty baad AHN eah weeds Se an ahnay 
alge a ern mem Oaig ee pat es MEL Rei yg? coin ac veeler sew as. or gure LEN = ew © Ser eee dsr ae seatte = tube “eb toss ee -- . a MienayAsscteeite xe sro Weel sermredarearemare Unrwraue weererre 
en wee PART RIN Crewn at FF RLE SS Carel ereMemS EOL ORY Fe gest bea? op adawat 2 emireh ey Fe tee ms . eaee SWalesananieee <eKc sda av “UMahaty DOM ONT oseeneneuemrenate cece temeteta nee 
wis tetas aig Lhe? Coes ere rey * we a4 “450 * . ¢ wor as om fhosere stare 2% “oFe arede oe iD Eneade © ener eh cheat, CA orate veesee 
afaee OOS Paes eure fern . : “uh sm eeseee , § fea we 8 ary We dee» aw Hu 
hed ae Le PAOTED FAD Steen veny Vente “tobrewe te wate . © ez -v 
Bev aloes POR a Hs "ONCE 4s t én VP a fa at fa tee 
r 














2 Pk Ome eBh EN ANG vigas Se =e bee oP OET w hems te acy 
Peesten Haye aye ns 








SON NEB Gere Setacubote a BY EHEY Spade NS rl te ata ty 







































rahe Et ye etye st ate 
Herd whe bee ‘ Be BeSesgiwhn dees, we “bs Saleh -eeel erat Setys el ePer ies hw) 1 cet ean das me the way 
Ure Ye Bie et, epee oo . 2 « Fo wee yt hat OUI rire a etehe ye weetes = 
Merida Ld bh IBC hed ce veaer ks ia tet Eas wetsqh! * "Gs jen = Pete MeN ahhec sei ebe se wee SOTO Les LOTR e UT aba orale ign Oted IUEY 
Pelmad- F tobayevg sree rete rect tymsee PMior 9 6 oegededy Py e ve a o ate elmntep eter’ aes tum 1 Oihees BrsYa eee mig Bedard aig ra hehe reece oearek 
aswleg Serer iew tale Ty EPFatetay. & co “0994 fen e- 4a ttm tw . 7 "a\ahuee he seckras, uy 4a a avesencucapsatel gla aanaers Pee shad rawinsee gayronn Ts ies, 
enon’ apa asa’ "Wes 8c e ine ss. © Rom ye miiS ase ire’ POMS ie Owens Chad Foety ostyye Wi pepigismad ut 
twhtls da-eetem=te“dycpayd » Sto tat re? an wl a bee . 
SDFAS-C Urea at eeee hae ewly Gat Peel o ~4 sbewraye qe Giate +e"? a sete mo 
PO" Edevc tne pects what ate uleca 





w 





a2 ete ban palo 
Me! Med we woe s 
WENGE Md Os WARE Rlod OF ba tome ema % 


























































































































































































nase. weds 
® "eecaa™s @ ee ‘ow Sr ENel MITGoh eo e> wets “hang 
: porns ot a te. ae ete Pe edb lnde-Dsathh Meek indel tne TLIL.t oh Be hte ote) ween 
yi wa Pee ve -e.~ fat amt vet sete wt at bweaee Tteer wos See SPUR ght 0 We bs ow ro hw tw hes at eb hey: a 
et Ghel tal sepeed gayi ie Le) ee 1 2 8% % 2 ae ftawer « bare B Utes Parry SP Ot whee * lee Uh ve Petar t eter gd aba eat de Whets Swtepe rey Siete 
HERE GEL ORO AG As owed CePA G Ome eg Ve Me wen oigte Poterfe = ay eter. Van = Mamas aeeegt « Baer ete , Set ed wre g ee BNOSSORULS Ceara et Hhe Mea hes oe Ghar epee t ate waht eet 
<a105 hart Gog nad none oad: ate "er +8 tae ea rim op On ae fa 8 Os Er erteass sme tem denteae” a? Lea S eres Oy Cate mserbty abriv> PEV? “OSes De hewets ME ah egg tans at Huts 
a4aaent erate atte Pee eed eee fed tee #P6 oar tig PRP Poke rc eer ys Fete ad Hy Peam Mueeewey as eey fe Tew Ene ee -¢° Deteay GF Patgre® add "eas SEAL UD EMD gt eXmrwhe® o1Fe Theme R Ee Oe NES «Fw Rear te te” * obue 
dt ade. Ol ee Peer td MaecPt Prep tla " Agege Nile ridefeovndere teres be oC ryoueee ¢ tay f.ths gbe ‘¢ = 8 “+ 7 "se lerune @ SF be wy getty hase Bea Ss OM, Me OPES bees as ate Eases alll cadithdnte hs a ot LH ol nt &) Te 
ed orp re bet at ‘ OFS Fe Bees aes algape BBG ITIP F ee LOE Wee eg,  yene rns PRUE et Eeh Fe She kt os Bead BEd Cadet etmey 's ‘ sseeges ow * eee bt ee Lee ot beer DOW ars of CRe twee Ceo ee SEE Wy Boe ve we) te Dame wes re ye Hot S 
tel ee ed Le eee Tee] Poe La rire of « V he Meternt -' sore whites sean ¥, aes tortie ree hae - geet a La we ove > steer ow © a te Yh et eos ati ereeced abe ee ie agi Tmprege lle Fess re aS wee aime ote ERTS E Oty 
Lente sheen hate MM oP 1 hs oll tel oe, Lent oe aed Yee TT atady abetauet? rt 1) UrFd 46d OY Bam Sed Sie Ae ou ep ine, orpee ie ¢ wet eld Ltn ee Fi Allg s PIN ONG Nae at city +7 eneer es ovetgy Phe. te Birth fae dint eyb Retwie wisl Vee shel sa capt <0 ORR cls tage oh 4 
eras eens ein ket ary apy Comp Rete Te aivete nw nity ob gins et a tede Part eta gh fur pnetetn “yet eh ot BMerPeageg te 9 Bes ased am Aves v ie Ld tor gree he Ane ee DTT bad Sard Tr alove aieyy ~ "Rig e wa sph OS ev ahr owtae cP PERnVet Puree afer 
“BUR igi + tas oT 6% a¢ran Fae at dds Cua dOR Dy Oaty 2 aCe ts Ol OAT aa bed es Geta ata iet etre be Aa shepeete 4 tyen sueethtyber 0 -yapinre ep 8 aan ye at re ee ® *eeTes ee Waa ¢ tog ab ph wb VM. eRe ahah ads ge Cath ane Fibads wd os geet Sate, Sina tinh tihd at Let Le 
bE Eom e AAT a MEPL ad bier) ae ys peens ot forts POF Ph raGgheae gh ate detne Saiyeoag ind nes do ovetetem ort “xs ee ‘ ea th ee tea = Fw 8 ote aml gas bee 61 “ye ve tad fedim® tay wre ty va Beh oat ' seg « vw atereer es Dati dt te aden 5 Brom VOey lat 89 Rh 
Oa that indaeaaplge . tg M Thre ahaeeea dara ywa pect Petit edrare “x ashemeernsttes: oven - a trier Se om “fe ee Pete? Heda ergs Sarayen to Me Ugde ead Page en nt woray . os etr™ «teow etemuet 
AT eqn Peqee oadw a eee oe siNN piteye oe Oedi epuate ae, Od dune - . van yp fe ae aera o "* - os Wis ee Ainale el iV Sey ae eT ere * tanec’ Neeens me ae CMP ee te 
A* hE? TT PO on ih ie oe ee, Pee aed tere cararece: An ale te ed bie tw sauretereas, i tedeny (Pye et eee « “L@- 1 fettew ty 2eye = 9 ae teen ’ L xd ¢ wattne Orhis saeyg mw 2ed wean : peace sorsames Were e ae are E we . aaa = ipaatetonc terse 
eh t were e BENT, CEE EOE OR EP wr onile cates mee Vacate p were SES ahd Ce'ans Bd PT Oe Chg eet Ne «Pate dalwlore 4S tetetere 8 PF oeem atte Van oy v. pos ae ber rv oMs i on pied ¢ wee oe, Sais if 4 200 SWE BT AEre, Rfmiebatn UWiettte © 
wore tet ar Aa TE SOSA Ds LET Hes? + pelat ae fuente P et] oF ft Meee ®t epee 8 wee ‘ o“e “* oF eRe fae e ow 6 ete ATB0aTe WENO teD Bays es She Wkrnbe Chetede & a Bee lene ets oe Sate (Ome NN Deeg Nayens > em abe 
sstameee ite wnte otteitey atte 2 6 Paterson Stee Seep BO mle y = a revrny Vacs a re snaewe Viele pou virhgiacs abet 
RRO ENE & aa emeba eas FU Oma day *Te ta Le ‘ 1 +m os See , ‘ arog . brtshanme « siete eOE car etee Pre s2 ote at Ps elu Wow 
atada! ie CF eraleomiote winta “tak »eeerngeeae "gavtony + + * ° rw # ed bae ea - ew re qanee ow Php Bretece are™e whe bewwess we he 8 ge OER eeree ee mm tates 
eae aOR Oe “ee Aas ome wm teeth weg’, niet a “aleiy aebenrhetTene wet any ©? aye npsaone - = rae & age et pager ee eRe Das 98 gs et "© OR ot eg U8 Gg OG. CREM e Skee 6 am Me eheatmen 2 @ (ed oo DARD Hed Khe eee ah, whe Ete ore 
Aaa ar ant Ee Ode CATAL gry mre PED weker slat wer baratee BIN He m-s ‘e4 TOs EGRp acl ene Giese oe “ue s . ® = etek 7s? ate 8 30 Boe wt On oo me - 20 6 Wet are ghalBSete ahaty ules nteh. seleyie te Betht wee ee 
Oe Foe RM OE SEY Ode Mo! nee hb ed © peel antes fete F x at wet eurcne Con weigen related 3 *a? e4abe pane. we One Laer me Bitcag 2 ee eer ts ry Se ERE weRS Ore Ee Oe Reeder tae Samet Oke hy a ATED & 
Sere Co whee teen ene my ade en@aSapie SVADESMTELOD” me  & Steyr enone tern & . “as vane + ‘ SoS MONON Meee Tae B8Ote pew ipem reg ta ete Yap SOR IPA Bear pays atte he ine ot 
OP Beat FOr Bl gkr satis @ 8 tgs omelet é Searvlre epipereas wt Janeen y poatgthy 6 op o"Fawien he Pete en AML . ba *e x ad 23s Ce) it Lae ST a re Seep Fe aad re he Se Blinn a6 weXs tft 
a . Se ev aweer ese AE POMa sy EKG eu Ci S8O pbaheaty atuacetacea? & der Seteone An Oee) POkaters FOB Ww 8 ane ty * ‘ . ae "9 » 4 28 we 6 wee Krasuborv* *e a asaPa Leirthide th bi-ubdnedhe htt tae kote 
wie as ka, A efakoan ote <8 we gedes gnat botaatpee vt warugere ¢ vate tity er, “a . © ateetFasy Fesadttetyses y < @ ROG ywetegetee tee? 9 ay fe cc ane °s ae wean ay ‘ 8 wMentegy «TO ao hee te sos * . tin Vow ery gre POV ROE tae peo: ew eee a. Rea « exgh ae 9G E INES ewe tehe Ay wre y se "whan, gy 
Sate face el hare vette aorvent RAGE weer EC Reb eGr ual re iytty aces Lidiya Fem ere eh sae es vals oT pkey * wr Vie ane eas 4 wwe & wee & &® * e ey Meta w hee s VM Feeres Ped Sra rdyy cee y DOCS teathe +o MEP 6g TAN OU are ee a eaeas Me aha be ae 
ve bthdeer debated lirtes teas t : OU Bo Spe acelneercoe wt , 9 Bh PECL Orr oa fy, Ae de wetcr erect, “99 08 Omeqigere Pye, OtSei* ae 2h8 4 Pharges ety eo. ate oe bad “v8 tg ea vt t 2% sacar “es i a ate wee re WC er artaie as ay ee oki an ee ma otgta o® a <O2 Bath abe wBetwos 
AE as a8 ©. Ce abe A? Wer qele OPL ee oF AOL ORO Te ae gate EN Fae rs ce) ere rr pees wy fo wr ‘ ees . ‘ fee ot oe tw wr Be ie Uti eg ey ow Seu atergte “weesets ote nate. qecter ee ve 
Oa ade ate be are ala # i eh asi Maem EO Oey rama 6 gt ba Ui aeede ay gee S00SFE EL eter gegt™ Fe ate “pene ve poe, meer Wewteen” oh feed ¢ ors 4 se a te © ys rwenee acne '. Yards ewnw . vw. tes i hd Loe, oe) rs re ee ee eee 
ae wed Prot of acai ote UR of, ey we LOE oe ANS Se ompt pace © ratatpe fo afore Ph gto T hte cee yt gee Og ae e ors e  Targ"agervarsegBad< » ony - age ey op 4 o weeme Bot oe ee “ . poan="@SPhdno, e vat « Cove omres s 
lad deeb adedtr-thetl diet LY An et Lt te Pt me wey Fey, quer te fg: Dee shade Were wm 66 ysFRe 4% 4, reo we asanty gtase? « ream 6” i<- a oe 8 a8 outs . Sansa sehy 
208 gs Oe ny geal pe ate ANTE oem, 8 Ores ont neay net + ocone Tr, Derentate, = = a6 wv t waage < ote OFM eee oy 2 Me SR Vere wR mas he ots 
SOR eng rere he ria. Cm, a a bee Td rt ee tad EVEPR eS Tl ga hamzsee ot + one tore = tf - 4 + ete Soe a Se om seem Eee Us em y 
ee ae tale eee ee r Re Ria tars oe he= se hoe gern ohn vor . 8 Seep es, “WTO seme Beasts st RR eerg we a Ube Maree se 7m ace aime bie 
ele te te an Ee, er i eaan et ee ne nee ee Pee nqeneere err - 7 ea ser “. ee a eee See 
ok 6 oes ed, wer cetignt egvetse G& ge . we abe atte . 7 # 
wes Pat eske ps age rota Aes be pny tapeydee 8 ‘ be wPas 
enh «ate one - > 
ape “orm hh, tle aca ne 


= sue ey wiqhete g © phe 





































































































































































































































































PORES maw ee 6 OP Ee tered Sere" 
5 were s sat Pe woneet ays - =—e whole = sbats meee? ened, corletwegters o% sw? vt eh Meaty or het h 
s SS Bn 48RD 8B ta een 5 we * Cir tao ok bel REL! on eee Tee ataty* C20 Moe Cea athe orm & rete ns = ome To +s ‘oye te rwemie nd 
* aa ta ae FS) Big S Teeyr eee -# eras Sekw me Te ehe ath Fees 8 te Bate Aes 8 yet Me RE OMe whese pees Ne 
wee Bante ts ofa whee LW lat niodlhck Satta dd ” wae sree owes 1 6k ge te tee . (ey ety ee a rs 
=e pemiccaee be Lidell Lata diliad | Sea obine SuaLe eed. Eee UAS yee eeenr€ Ls Sen vrane sete ew ak PS vare Ve &y Vesa. -ote Aiieee ee oe ‘ 
stow 9 Mt a et Pee Tee Py en or sp ae wo 1 tek Se hg ah ae glee ye “-— 4 . ety ee Of a et pte Cranges eon ethene win peette vie tay SA why, CO et eee eee ae ewe 
me wl ah 5 Pe cree ey es ke i) ee en Veaer oe « eae 8 eo 8 eee a %n thee ey Veep Greet «ce "ale sw 8 hae wpe etee me ee. eet wae Me WM Oetker weap 
woe tae oF gm OF OL eP icant, ene? © rs ee ey =e wel OPS Sree eh ee aig ok ~ “eee Pacgees got © at untene oe aw tuae gtnagd =* Py 1¢ oh te warty ah 2 ae ee et Tre vs was e swehs « 
= peepee ee Fatte Save w! Nabi mG F AS Oy nhrs “8r Asa a eaes Oe De Sere a een @ amano . ow tw Hahoby woe “ee eg vat Fug ed See ete aranare ie 4 Eres nem iata ss | bat 
teense es ele MSOF week wet Rt Aa pep ererye, © "eur = Cor eentiy eo bedett 5 * ee on! . Site Me cee ,pere tetes Pramas bomcce cee i cateiasteegeaay Tred ase gta Naeta>e hope & caer ghbealsie 
ane he a gt ee ae y+ eter avers eretadeee eis, 5 4 . ~ tee oe . ofmn Pere rr eon 4 a ees *% 1% = ¢ 8 Oy= pares ow bate ; wee nia rate ieee ca a Lig MGOSEK Satie ge 
el RENPRSiat es fo sew fareeisure a i se ee ee = ’ - = wa tt # HOON REN re rine Te eeras es Task vv teyae ee ee cee 
ere era *elace of deaeesnere - OW tm Seetetdhe why ; 2 : a 2ntlat ~ o a my) aes Py Me vee ones ah Sag 7a Set ahe Win ew ote eretee eS OR EMER kenceek ety ee 
mae = Fetes were CP BAN REE AT Bem te ho Oy et ie ee a oe Parnes awtpns x a er © OR Per et rags ° e ' e+ fe 5 ay a Ride pte mies Welker G sae Fy Bolibek  zRgae sea fs Siershmuisescantanitencere 
prved gf acraiaiaes at Cena ete fairl etn AOL Teng 2 « saris eats a! wean > F , . ou 6 aoe 7 he - “a ". ay wee i * ote o Segtags Seba gtae fe we og ts =" cae "Hh st af 8 = Ue akoen 
etl tented ot tn | tat od Te Sloe’ 7 ye where: Sat On Ye ete ge uP pear SOs aera et eed tare yc ae oe © 4s 0094s wee w ee - oe e ’ “a are paaxatwel® 4 oui ¢ em yp 6 Utes 5 as ae Ee teeL enacts) lemnioveine'ee ce 
tere sAote B-F yore te ae aha: ee ie ote © 8 CR Be ries wee = PF @ es emweut a8 rte ere ve [Um ~~ - ese «a ° =e? em + ae ~ 8 et et Le Oe a Min we tamer ° Nese) niece tana o 
See awa tas ate “meee OUR TT BeREtadeg tyre ow fae »- 280% = oF te ope tee *3 8 ae gk ° ~ Mio, coe SeNcenies Syeraer Papen 
p a een oer ~ O-t  t ts taf ee os cova ete a> was bs “e376 “a0 . wer ope * ay 8 u" ¢e *. te A ae he | ee 2a" 
Ae PETS OM ar vat Pam ODE? wa ELS Bde ay “enw meres op mame C mats a ated oS - 4 w w Yet 8 © pe + =¢ * em ® Ra ' fee watt eee ote 
te eer ae are ee is oe © Aha efee Repree Bate HOG AVR bra vem ERGs ey Pv eer tees 0 she eren so ae eT r eove ” ate testes & sens, oreo ee te be tt 
- FET Os sare ain Pore olen las BEE P efdraubi ping g rat ted care ac sevevete 5 et eute - . e ° « wee = . w 7 o ei Peete oes ate mies _ sass gale ee ee eee 
POG OF aay) ae at my on lags g 28s ae he Pa airmen beh Man ane e*aeecs* eer Beeld mw oe ve ae Py F ° @. e- % er eee . - oes © Od New ok wane . Dee iaton. SFeen' pew sp yan VOGAL se hekighes BO eona stbee : eRe aesaseee 
OO Ay Oe Beet ee ye ye Ofer a a ORT mena tes 8 LAW ies efee off a neue Woate cise AY OY oe ee ee s +. 48 a sé ase akaitac r e enwan Lake Ps a F - vaietere Eee tases penne: eves Ria es Pa ae 
TF dedetidh ah ot Mode eth eee or he ee a 0p ace e=* SeeFaigryea tev 5 icpes oe oan Cetratent © = & 2 ore “1 e 6 ae Seay - ° * ate 9 oe o am sO top ot 6 ten ee Sree + egies ites et yreee 2h fetal dig be Aiea 
Tle Pore Se yuyu eg Hy Wen at Saha. wegs ele aeswer © MF pem pa ct A ak e eiales: 6 mec) awe a aque S08 =08 seems oc gt a a “e oon beget me ane scanaerrs an MeCN CER Sep paket deed G hisss tp te exe teins acces 
oer ee tf marew a ed ks ae onl i tee He 8 fm oo wer “4H HE oOo T= 8™ we pene at * wer o-* Rie - Tite 08s one 8 .¢ ie + ’ 4+ - . +s or 6 ene = +e +t . * BE 9 OWT wh begte, 8 tte ove 23 De eae arte mrerees ow oe Wror ne 
Citet® ome es oe Pe Nie ale. wathareracsten 6 we “5 Pt ae Owes = os oe . 5 . -« a ? as = er er « 2 « ° . “ Use. 2 2 . we. tere ie 4 ‘ona rad +e 
able pditalate she aeh) Pos ee el tee 2 ePace Pe ver = © 00 yep * -~ s eae a . oe = @e 4 es e e ets < Serie a ake ¢ ge fo Mew aa as mene én Sasa GA Tos -BsEkoRe eee em GPR ETE NG HOW'S Beee ons 
ra ho Metane af = wy ry fe wots we eg 14a teen - a v @ee a . . % . Oia ee . . ene a0 aes te 6s a “1 2 oh fe eke a ee ee ee ee met 2 oe re Pie sae eae mabe V wad*emn) Staats bahia! Ss weed ee. ar Tene 
Ro ent arer ew igtye Woe ants magey Pas oepam yee oo eee » s = see es sy Oke - . . » eo Side Sater oe 8 afer ewe 2 7 = « ee Benet ere . ms Steere on sas wea oe tet -stm*see. ee “ete nthe se BO © 2 prelone « © Dur Pee’ a eM See igs OK 
bgt Pepe ieas eos er Me 4 Oe Oe Se) se 2 om - - * . ° Powe ef wet ett pa eta <a ee eae Te . eRe MOT ewe tate © 
MOM AFH e oe ee Me mee Orn are . Pe ew eaeg, ow * faeas ofae Se 9 0 & & 6m fet va Swain . aacelten — reer Prigte eae Pari stepetee ners SearaeS Pupp tid 
"a 6 ee ghee a? sce Tae eke Shanes gg YY goes 2g Bee omm, am. ener py a Fe we weet = a2 eheen $0 NW eee we * ° ° * vere % a eeee ee BPE aeete GIR thee © Me FUT = tee oe ee oe 
baatiiinathetat tans. tad * =. mee Sa tel ri get sie mal gts wig wee 8, te ef fan = wees me © een pat we «atm re eae Picts Ewe einen crocs 5 Gkaee as 
OT Sg OR a Eee y Ooy ow 2 s s'4.008 fem 2 ow mets 6 Orhess Pe | ee) es ee od ane m Sela en e = e aisaoe esa ltg aNoece SR, aie Gittas orate Rahs 
Mi Wetpew Wats © ow no: ee ee ee eet = fae hearer e-s Phen peet ge wae eats oe 8 8 Pa fees Par “¢et « a? ae © BSeen*ams oe tmagn pens acim aerial shins a eke hectare 
Fw ER OD Ore” gm pie ee ee eS ery ae *8?t mae 0 oR teem hae one - ° * a ora weamana hala onale ae alaeaews © he Sas wUe es un leap ave veh mic Nemcain 
Awe afer eee sete 8 O warm sg ton we! og ten ° 7? ee « wSeee an W ces seer cow tte os ~ tetany = DP vtttgs =0) eum: ee we Otte awe on 7 . 
we am we were MMe a sipiwe fe Oe bn ee eT 2F ee HS oa t~ et eee z e an a ~? ee ee sam ta PEE a ae ae ea ig Wee Posenteud 
ere i a's ete eft ome arstar, 08 en ee aN ate Cuety o we Pi veewet, - s eues . eof = ’ Ty aerten of Oe | ve « ws ose a ete tse See oo 
SE vm ~~ har er BE OY Re fy an EF be a ae 8 Cy Poe wow. Ly . +e, Wats py ae apt aaa = “abs we eipea ore en Gil een? Oty Winigh te 6) WARtata ewer 
wm bl thatch 4 r?ne olen on eraes Sam Ww ete weeny ot en ee oo re eo Swot beeen 7 ese : ~ 9% or ot en wet Bee een en) 
: ae oa ame e a aed Steere vets Jaret Ce a oll thd tee Re better o Oe rt eee ey Pope, ee 
Ses Sear een ae pa lak htt lala aa ePhe! ¥s8)t ae es he die ae Taner © » wer ake e+ 8 . aoe mate ato erwin we oe mes was 
Ws tee Papel coe ten Petes iii tee f < Le rip eres Pik Mesa ea Stolen" BE usy oye f ’ J so . . - 7 ene a ty 2 ove TENE ow avs ay carom 
alg - . * - Sete -€ e+ ” e- + are _— . oo wl gte Pla =. y ¢ e ee e a ete 2 Ohms FOR 8 wip ates 
608% OO Cate 8 Hera 4 cogs ft -& @ ony Pe Mees ery es aiow BA te OF Beer oh eg Sater tae asa 5 wiretve . ee - ae y= oo at ete we te - oe 
j ee a od wpe 7 ore, ae ee ~“ eet aan » . = - ~ Seat wee (eo eh 4, , bs a an Se Seer a 
POOR 8 acm n- are One “te + 4 ree. ° ya ig oatae -, ewer < e - Bee aes wt a’e"wee ee ae < a= 
Tat Sieel ee ey owe Vin we"r arya ere ae chain bi aoa pa} rad ag tS alle eve Ca, a 2. a ae cee hap Oo OS Owes eee eo 4S 
ye eel LE Los fue at saad oe “e Fa ote et % wae ~~ wees wm igs a, aS | Se 
4g Ee Lt dia! oh Lh : ar Siena dene el pee . . oo « ve ed ee 2 eer ere ormsacre 
V y = ae ae ol ee a. ” hd se 7-8 Ld . = M@oare eam +“ pene enass » = wee 8 + ok fmm 
wean ook on oi retorts oe ted pa dah ee aati sf lat it aoe ea ee mag ee ee a at ee ne s ee wwe. we wee Sep monet eee WHR ome 8 
eee * SERLDot od BE hse are oe" yemew ose or = en ° ’ vot &Ee a . o = = Ff « ‘ ect em ot Netw 8 ee ee . oo Bene ee. Lt oe TO BO od Oe oe ees lee Y 
Rea eros Mer Pomc «Rhee as arate © me © Ow Kee ee ew OU a "se, e 8 ree we x ache ce > o uw 7 ster ct wwe a th Gr - ‘ao ‘ es aie ‘ae es pie eenen Mag sare > « PE a en ee ee ote 3 eieiiesan ; 
mimmntoer cc cs Ce ee FR Brase & WR mie Pees te ° wow, aw ~ 8 4 -~2e we = ed t see aon 5 * ‘ om ae ask i ouaseg as Sinaia talus tavseter ere sivemlc tod (eo aniantal anee est ‘i 
paling ap aig ae eet Se Os 8 eR Ww mare ee Ce 1 Se 8 wrt eee te rie * ay Sela) aoe & ose “ . . ¢ . wc area wae lighatave metal te o= aiadniclesoa se aac 
eee Fp a Fee We bens a Ce Ee Bet ae pe te sae ee dt a a ie 2d ‘ +26 a. ee" 8 gat alee ~ * . se ve ‘ torn # ete ee ares “we re ae re ce 
2 are we Ke ae 8: ate ne eet ee et ee ee oe - oe ry 4 = os ea. t+ ‘ ae. . « . = ’ a: es” =) Pere .« avy «8 as e- fai (pu iS fo. a3 - > ae a dale oon x a Paaun ath, ci aeeen ta Mis wey Big Rls 
ai =o nae a ge eam ee Bap ed th ae Ra atialaba + ate tue -- « Ome ie ey sot . . 5 “* ’ * « P » Ss . a gtacace yr, «Hee Le eh lt et oo 
. farne VV > an kd wey waarmee BUS 8 wee a 8 ow ase See ww oe toate 6 wwe ee s ~~ ees . aa 0 © Ba pe et oe v oe . cent com =" , ~ * 2 -~ se - ee = « e- =~ so ew = etme 
agile ee aed ee eed A wee ms gt 74k Meme, ee 2 foie ee ces “wey ~~ . 3 oia Pra =s 2 a etekante Brahe cas iene 
- Cedinsd rey me a= aoe awe 9%, . - = a - «e ee, we ° ° “ - aoe ~ > Bie a = 8 * MarR et ete wee ee ee 
4 hPmetneas here see tw we rete aie es “hee hae o ews ga cegm gee e/a ss shala tes “p= ¢ . =. - ars ‘ on aoe oe we Neto me = 
Se wg meen eine ees Wee a SF aetna tae iene SU eEro eae wel eee eee ee es : ae waite me eee ee Me ee mm eee wee 
2S se Serie sam vee ee Pee ww are we o-e ta "EPP ae wy oe tt coat e He 9 w-. oe a Nadas Jig = ® . ’ o- rn aaltg ata te o wme @ we gk 
eletiealind at steal BY ee seg ia Matias) Sele tat tea caasesl « 6 24% we * ams” oe ots * * es @ 4% P s oe Ne ie aliens cae ie ie te Qt eketeAwNy.a!misl vale ce wien 
Sean Bee Se 8 Cras Z we? ns ee we > = ~~ st eee ta . é- we ‘ - . 7 Yi Pere Tu wee we Ft om no inte 7 
amt dh sais - weree oe “4 Bere payee et tat = Be © a m a eS ste . : A mons . <a Ae eg ele apa ; 
dee . . Sa et en = ® Slain at ‘a weatlce ae i‘ A Sed ‘ ae rs Se cea a aed ee ae 
weer wT5ea we 2 vows iwaisa * . 3 ‘aa a is 2 : Bas = a yee i 
Ther ee leg se oes wes a “x rine > 2 oe Ware 2 © q E . © 6ee se a : a eas 
diate do a ad ers Sse eres s Sa ‘om “4 . ae* “= of we1s . . . Service eee see <4 ee 2 eee mw eae 
y west ers . nek! Re ata sa 8a < . . = ee o = « ae we Bee kw ote wiegee we a ite ot wee 
a ae 4 TRS ate ee a ef ere wa as = oo re Py ve . ". ary = ar + a i Wi” A 1 * Pe themes ig Be “wane 46 
Ae ee ieee OF et ng tree ue * van bth eI bmi is celeieun ele ator of; tel “as i F eee oe ’ . at » r+ Poe ir os a:2 te ae 2 | died Sa eve 
Ven wetiawe WE? wna m ee 5 gee FO Oe baer ee Py ee ae erg Pere eas aitaves Han . Dicks mien eee ene T GWEN ents 1 ae 
2 ee 8 eee Vin eee sew arre = shemtn eat Wem e are + ee Pe ed or . . s owe Bang 6 ow e = o- - BE he Bese 
CU Pree Ee wn OMe wm elie wer =—e o ve aes ® #6 so? ® . 7 Ct 2 ld ~ os © + ane He .° - . « e . ef es et oO ae 
we me Se = me ee wah in Oe tre toe a lie: eteteee, owe. ehale es oe ate aaah ae = 3 ea se ave . ait “die 
mernae whe wlll © weer “sts a ea . as 2 = . ree * a eo o. . ", . as ee 
~ S20 Fe mee atte @ Wi ccere, go Rie ina w.- owregs ow . ae nae thes a ig a - ; a eee s, 
“6 ‘+ few of Fe fem ye ee ee ge CS Ie ae i eReonte Pugs S z - < . tes 
Cd 2 Te a a . a © wetn bt es iin er ee ‘eo ae 5 . oe ee : F erate = 
sta as” mH Nate a & oem ere . fae tw eae Hy e ann mito ea a e a o < eos oS Fs “a = age 
aoe OPH arat Ware ° CMe Met we ee pa of i - . Roles _ an - —_ one ~ on ~ 2 ae 
mes A: eee = « * *O he af oe ae a ee ae we Mat Va se as = : oul Sie = = ag Min 
eee | ow ow wee we os Cn umes @ Ago wv ew ra “mew ”% a = oa ne om ae! ange . > - a) wife, e . 
-e?o ew st oe o< = *“ °¢ a oe sey - e e-* ‘< = Acree x ; io s . ae ede "I z 
Ce ee ein Pe OS 2 8B wan ac) a tap ene . ‘. - * “#4 - . ° -_ =e a ea . ¢ 
aoeP ne - ot He” me ewe et . . aa 7 = on “2 % 5 P; . ig ss ‘ Py eres ei. ee ee ane = 
. . a vo ew Pie « ee. - ea < ge hgce pees tee . é = < 2 = = eae See awe 
Team ee AE 0 ee eee bi ei, ed ‘os ery “ae o - omen, s Ch ers ’ seo eo 8 * - - . - oe fe =e 8 eee ERS 
- eee o - «a ore SS Rss a ca! nia Se - op 4s ere fee © sent * tas r ee : . Fi E is xk a Tivesh alae Smevay mere heoneae Wieneinvewase; 4 #0 6 Sk men @¥e 
be rt M a ee ils ae Bisson ies Sh * Eo} Laps ons iS — Los 7. e = . hd * - . - « -v- ao*% ese 7 +. ~~ - scree wens 
° #5 erwin eeeee + ort 2 @ meh wre 6 te le he fs 8 Seay ee ne ig - « . : ae im A : eoee BOr Fo itieidlet ele a eel ee getn ese cons eran etal 
. — mG ome i to 2 eed se Bowe =e whee ast 
. ee = 8 > e e'a'ase * & were * » 
aw Sw ee Be « em Bw oe ee 
= * -. *. se a wes @ « 7 ~ aft = -_™~ =e as w ewe 
- 7. see eee - - ol ne | oe te 
P . ones had 2 - woes -* 5 dd actee =. ~t oe. 
ee ee ' . we i a oe ee ee » 
*° -~ ~ a » = ane sate oe se tee v8 
re. a a a oe rs es. «es a ee ee 
- « Owe Rigs tat ace cI a Othe wie” 


= er 
~~. omen 
i a 
we ote 
- . - om 
° We + ome 
o- 






re ae es . 





ee | a, ae 








| a ee ee er seas tp 

. . 2 @® e+ s*& @ © ete = © . ms . . - 
* . a * mane re . ae: Sear e we teow a oa = etn elle ae 5 

.« Ss m8 ba . -@ Em ee = 

. ny 


7 es Sweet oe 
mee w ewes 
. see 


NPS ARCHIVE 
09 


2000 








"- sad - + oe e . 
: , : o. . 22 
8 ae - _- 

oo wa - 
= 7s be) 7 4 
+. eeree 

. " ‘ 
* == 
= wh ae 
A : 7 - * 7s 
See e Se ee oe 
ase es. 7 ote em 
. . 
ae . . - = . . om ° a . » 
™ at . 
.. cere . eee - . . . - bd : i 
ad - + «= a4¢ = . . + 7 . 
- « ” ~ = ¢ eta? ~ ve o« . ” « »* eo - . ou ~ ° , e Pa a aie = = « 
a ee wie Weems tee os P ‘ ‘ — 5 cpa 
+ _- 7.4 ‘ = ’ - . - 
= . oe ee AGI) =) mt eR ed om a) te «ce “ oe te “ec eee . 7 c * 
. ° ° . - 
= “ee wee - 
- td * 
we ° 7 

















NAVAL POSTGRADUATE SCHOOL 
Monterey, California 





THESIS 


ANALYSIS OF THE WATERHAMMER CONCEPT AS A 
MINE COUNTERMEASURE SYSTEM 


by 


Ronald J. Karun 


September 2000 


Thesis Advisor: Andres Larraza 
Second Reader: John Pearson 





Approved for public release; distribution is unlimited 








REPORT DOCUMENTATION PAGE Form Approved OMB No. 0704- 
0188 


Public reporting burden for this collection of information is estimated to average 1 hour per response, including 
the time for reviewing instruction, searching existing data sources, gathering and maintaining the data needed, and 
completing and reviewing the collection of information. Send comments regarding this burden estimate or any 
other aspect of this collection of information, including suggestions for reducing this burden, to Washington 
headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 
1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project 
(0704-0188) Washington DC 20503. 


1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED 
September 2000 Master’s Thesis 


4. TITLE AND SUBTITLE: Title (Mix case letters) 5. FUNDING NUMBERS 
Analysis of the Waterhammer Concept as a Mine Countermeasure System 
6. AUTHOR(S): LT Ronald J. Karun 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION 
Naval Postgraduate School REPORT NUMBER 
Monterey, CA 93943-5000 


10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 














9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
N/A 






11. SUPPLEMENTARY NOTES The views expressed in this thesis are those of the author and do not reflect the official 
policy or position of the Department of Defense or the U.S. Government. 


12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE 
Approved for public release; distribution is unlimited 


Ss ABSTRACT (maximum 200 words) 





The purpose of this thesis is to provide an analysis of the Waterhammer concept design. Waterhammer is a device 
intended to generate repetitive shock waves to clear a path through the very shallow water region for amphibious operations. 
These repetitive shock waves are intended to destroy obstructions and mines alike. 

This thesis analyzes the energy budget of the deflagration processes and the basic principles of shock waves and 
acoustic saturation. When the source amplitude is increased to very high levels, acoustic saturation sets in, a State in which the 
amplitude of the received signal approaches a limiting value, independent of the source amplitude. Acoustic saturation thus 
will set physical constraints in the design of Waterhammer. Furthermore, as the pulse propagates in the shallow water 
environment, reflections from the water’s surface and bottom floor will spread the energy in the water column thus reducing 
the energy density. These combined effects can affect the intended performance of Waterhammer. The results of the analysis 
in this thesis lead to the conclusion that Waterhammer may not be viable in its present concept design.. 


14. SUBJECT TERMS 
Waterhammer performance. 


Acoustic Saturation Limits. 
16. PRICE CODE 


Nonlinear effect in water due to very high source levels 


17. SECURITY 18. SECURITY 19. SECURITY 20. LIMITATION 
CLASSIFICATION OF CLASSIFICATION OF THIS CLASSIFICATION OF OF ABSTRACT 
REPORT PAGE ABSTRACT 

Unclassified Unclassified Unclassified UL 


NSN 7540-01 -280-5500 Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. 239-18 





THIS PAGE INTENTIONALLY LEFT BLANK 


Approved for public release; distribution is unlimited 


ANALYSIS OF THE WATERHAMMER CONCEPT AS A MINE 
COUNTERMEASURE SYSTEM 


Ronald J. Karun 
Lieutenant, United States Navy 
B.S., United States Naval Academy, 1993 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN ENGINEERING ACOUSTICS 
from the 


NAVAL POSTGRADUATE SCHOOL 
September 2000 


THIS PAGE INTENTIONALLY LEFT BLANK 


NANGEY KNOX LIBRARY 
eee ey OR ADUATE SCHOOL 
ABSTRACT PEREY CA 93943-5104 


The purpose of this thesis is to provide an analysis 
of the Waterhammer concept design. Waterhammer is a device 
intended to generate repetitive shock waves to clear a path 
through the very shallow water region for amphibious 
operations. These repetitive shock waves are intended to 
destroy obstructions and mines alike. 

This thesis analyzes the energy budget of the 
deflagration processes and the basic principles of shock 
waves and acoustic saturation. When the source amplitude 
is increased to very high levels, acoustic saturation sets 
in, a state in which the amplitude of the received signal 
approaches a limiting value, independent of the source 
amplitude. Acoustic saturation thus will set physical 
constraints in the design of Waterhammer. Furthermore, as 
the pulse propagates in the shallow water environment, 
reflections from the water’s surface and bottom floor will 
spreac the energy in the water column thus reducing the 
energy density. These combined effects can affect the 
intended performance of Waterhammer. The results of the 
analysis in this thesis lead to the conclusion that 
Waterhammer may not be viable in its present concept 


design. 


THIS PAGE INTENTIONALLY LEFT BLANK 


V1 


TABLE OF CONTENTS 


ee INTRODUC TQ Niro 25 (UR e ens ae ee re ee a: 
A. BACKGROUND rig.) 5 Sioa. wi eco ear erga a. coca rat Al 
Be SPE. GO a er eee she urs Sn oe oF ae 5 
‘ee A, PROBO@SED SOLUTION § 2 aie 2h. sie, epee reed 4 
Ef... DEFLAG RAMI I iiete ence So. xm ur (ea: Seeeieiee as cot Moers we Seyi u ecco eee re q 
A. OM Ga S0V/ IC) Sa re he a Aen enn IeI MM on z 
Be BS RN ec Phe ists 340s 0's Ces gan pee eave wayel ere toy sdi Seki oS seo co cee 8 
Oe DESH eae EB PROPER TT Boi n te 1 ve eae so soe go fees eee Oe S, 
1 PUR Domine) LON CAND “Mabe NG ees Pas: sea ee eee 10 
JEICI Se (O Gt S or re ees ae arene ee eee ees oe iS 
A. BWC )SC\/ 10 ee a ee eee eee ee ee oases 5 
esos OF CURA De ieee ences 6 os ee «Pe wt hw Bad te Soggy esos eel ae ee Bel. 
A. ORAS 15] re nee ne i een dea terre eee eR mere Ss pore ai 
iy: APPARATUS TEST CONFIGURATION 325 42 6) ose eee Ze 
A. 62 1S, ee rere sore ee emer a 25 
he TEST ee eeeNEUS::. . . <, gece ene. ome of es oe Zo 
Wil CALCU ISRO mei RESUS. ssi. i 2 Mit eso a eee 35 
ae GENER epee eM IE RGus... givceveie es tn, a or cele a 3 wt eee 35 
B:: TR a eS SarOIN MEO SS: sic. ss wi Biers 4 oo! 65 ace pee enemies ea oe 85 
Cc. ee Pad SUSU UAL ON RRR! old alah] Ged tp Se ae ee en cr a earn oP rire roa 4l 
Pees CONCH US Orr chibi sre! a. See 45m: Gi Sod ees oot Tae ge tee erence 45 
IL JESS Gigi @ J SM 5 2 Sp) Sh 510) 5) 1S SP ern me eee A Damm trn Fr nar In aie Ones 47] 
ETAT: DT Siem ease) Nereis) iL... no S chic etnenees ge hos eee Gate we 1g eens 49 


Vil 


THIS PAGE INTENTIONALLY LEFT BLANK 


Vill 


Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 


NANA AHANMWUNMNMH MN WN UW HY 


LIST OF FIGURES 


ee #8 @# @®# @# @# @®# @® @® @® @® @# @® @# e# e@® e@® e¢® e# e#® e® e¢®# e#® e#® e¢ e® e e® e® e® e® e® e® e¢ e® ee e® «e e® @e® @#® @#® @ #® @ @ 
eee @# ee ee e®# e®# e®# e®# e® e® e® e® e®# e# e e® e#® #® ® # ® @#® e @e® @e® e®# e# @e® #® e# e® ee @e® ee e @e @e® @#® @® @e @# @ 
oe e¢@# & e# e# e®# e® e# e¢ &® @® e® e® @® e¢ e® e e® e® e® @e® e® ee e e® «ee e¢® ee oe e® e® @¢e® e e# «e e® @e® e @e e @e @e @e® @e® @ @® 
eoeeeoeoee#eeeeee ee eee ememm em OUmUmUmUCOUmUmUCUOUmUCUCOUmUCUCOUmUCUCOUmUCUCOUmUCUCOUmUCUCOUmUCUCUOUmUmUCUC UCC UU UU UU UU UUme 
eee @e®@#- e¢#f-h6mfGmUmUOMUmUmUCOUUOUCUCOUCUCOUCUOUCCOUCCUOUC OU OU OU 
sooo fmm mem OOOO — 0 OO OS OS SS OU SST HOS 
eee #e @#@e @e® e e® @® @e® @® e @® @® @e @e® @e® @® @e® @® @® @e @® @® @e® @® @® @® @e @® @® @e® @® @e® @® @® @® @® @® @® @ @® @# @ @ 
oe ec ef ef ce ef ee e¢-chUc. ec ce © © ff @ &©& © ff Off © © @ @ © © © ef © &¢ ee @e@ @ @ © &@ e& © © © © & © ¢ @# &® @ 
«ete of fF ef e@ecmUOmUCUCUOUmUCUCOUCOMUmUCOUCOUmUCCOUUC OUCH SOS OT Umm UU UU UU Um UUme 
euee#f-eff8ef-0efmUmUtmUmUmlUOUCUOOUCUCOUCCOUCCUOUCCUOUC OU OU OUU OULU OULU UU UU SU OU OO aS aes 
«eeeoqoee«+#oeo«oeeoeefm0efmlUmtmlmUtmlmUDHHUCUMODHUCUCOUCODUmUCOUmUC OU OUmUCOUC OUCH US Um Oc UU mmm DUO eee 
, 
eoeee ef ec ¢ &¢ & © © © © &©& © © © © @ @© © © © &©& © © © &© © © © © @ © © © © &® © @& &® © &@® @© &© @ 


oe ef ef ef ee ee @&®& @© © &©:.6hUhOrhUCCrOOrmhUlUchOOmhUCUrhTrmhUhOO FP FF CF FCF CF &F © & & & &F & & & & & & © & & & © &€& &©& & © & &© & & 


ips 


THIS PAGE INTENTIONALLY LEFT BLANK 


EXECUTIVE SUMMARY 

The purpose of this thesis 1s to provide an analysis 
of the Waterhammer concept design. Waterhammer is a device 
intended to generate repetitive shock waves to clear a path 
through the very shallow water region for amphibious 
operations. These repetitive shock waves are intended to 
Gestroy obstructions and mines alike. 

This thesis analyzes the energy budget of the 
Geflagration processes and the basic principles of shock 
waves and acoustic saturation. When the source amplitude 
is increased to very high levels, acoustic saturation sets 
in, a state in which the amplitude of the received signal 
approaches a limiting value, independent of the source 
amplitude. Acoustic saturation thus will set physical 
constraints in the design of Waterhammer. Furthermore, as 
the pulse propagates in the shallow water environment, 
reflections from the water’s surface and bottom floor will 
spreaa the energy in the water column thus reducing the 
energy density. These combined effects can affect the 
intended performance of Waterhammer. The results of the 
analysis in this thesis lead to the conclusion that 
Waterhammer may not be viable in its present concept 


design. 
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I. INTRODUCTION 


A. BACKGROUND 


Mine Warfare (MIW) was born into existence in 1777 
through the efforts of David Bushnell. Bushnell designed 
the first sea mine, a floating keg containing black powder 
and a rudimentary contact trigger. Robert Fulton continued 
on with this research and subsequently designed several 
other mines between 1797 and 1812. For many years after 
their first use “.. the sea mine was considered a ‘devilish 
device’ used only by the ‘unchivalrous’ nations” (Ref. 1). 
Because of this rational, Fulton was unable to sell his 
mine designs to various countries, despite being 


successfully tested. 


It was not until the American Civil War before the 
true practicality and potential of the sea mine became 
known. During this war, the inferior Confederate Navy 
compensated for their insufficiency with sea mines. The 
cheap and quickly produced sea mines used by the 
Confederates sunk twenty seven Federal ships, while 
artillery only sunk nine ships. Despite a respectable 
showing, mines had not become an accepted and significant 


force in naval war strategy until World War I. 


During World War I, mines became the primary weapon 
against German Submarines. A barrier of sea mines was 
placed between Scotland and Norway (250 miles) in an 
attempt to contain German U-boats. Although the barrier 
was not completed prior to the end of the war, 72,000 mines 
were seeded in the five months prior. This minefield sank 
at least six submarines and damaged many more. Soon after 
the war, sea mines were once again forgotten. The passive, 
unspectacular nature of the sea mine causes many nations to 
lose interest in the sea mine during times of peace. But 
dueing tinesmoOnacent ict» low costs ,..quick preducterond 


times, and effectiveness attract these same nations. 


Not until 1967, during the Vietnam Conflict, diemthe 
initial “bomb-type” sea mine appear. These mines, known as 
“destructors”, were the first to contain sophisticated 
firing mechanisms. They activated by magnetic or seismic 
activity instead of contact, bringing the sea mine to a 
whole new level of complexity, effectiveness and 
practicality. Since 1967, mines have continued to evolve, 
becoming more complicated, while still maintaining their 


relatively low production costs. 


B. SETBACK 


Although mines have continued to grow in popularity 
and complexity, the methods for finding and disposing of 
them has ceased to evolve. Currently, third world 
countries can significantly delay or prevent amphibious 
operations along their coastline by seeding simple, World 


War I era mines. 


The United States Military is unable to quickly and 
effectively clear a path to the beach through hostile, 
Mined waters. The area that provides the most significant 
problem lies within the surf zone (10-40 feet). The only 
methods of clearing this region are the use of Explosive 
Ordinance Disposal Teams (EOD), Marine Mammals, and Special 
Forces. These forces first must conduct a survey of the 
area identifying mine-like contacts. Then each contact 
must be re-acquired and identified. Finally the contacts 
identified as mines will be neutralized. These tactics 
place highly trained U.S. forces in the line of fire, while 
they meticulously perform a slow, methodical mission. This 
also foreshadows the possibility of an impending amphibious 
assault, allowing the enemy the time to reinforce their 


positions and prepare for the assault. The development of 


a new method or device for mine clearance is essential to 


the survival of amphibious operations, as we know them. 


C. A PROPOSED SOLUTION 


A concept solution, called Waterhammer has been 
proposed. In its present concept, Waterhammer is an 
Unmanned-Underwater Vehicle (UUV) intended to neutralize 
mines and destroy obstacles by delivering a bombardment of 
high-pressure impulses, providing a clear path to the beach 
for future amphibious operations. These high-pressure 
impulses, or shock waves would be the result of a 
deflagration of an aluminum powder fuel contained within 
the device. If this concept can be realized, it would 
Simplify the mine clearance tactics by eliminating the 
requirements for survey, identification and neutralization 
operations. Furthermore, it would complete its mission 


without jeopardizing UsS. forces. 


It is the purpose of this thesis is to provide a 
Critical analysis of the Waterhammer concept design. In 
Chapter II an analysis of the energy budget of deflagration 
processes is made, in particular, the amount of acoustic 
energy liberated by the reaction. Chapters III and IV deal 
with basic principles of shock waves and acoustic 


Saturation, respectively. In particular, Chapter IV 


4 


emphasizes the notion that there is a limit to the maximum 
amount of input (chemical) energy that can be converted to 
acoustic energy. When the source amplitude is increased to 
very high levels, acoustic saturation sets in, a state in 
which the amplitude of the received signal approaches a 
limiting value, independent of the source amplitude. 
Acoustic saturation thus will set physical constraints in 
the design of Waterhammer. As the pulse propagates in the 
shallow water environment, reflections from the surface of 
the water and the bottom floor will spread the energy of 
the initial pulse over the water column. Furthermore, 
bottom absorption will also remove acoustic energy. These 
combined effects will affect the intended performance of 
Waterhammer. Chapter V illustrates the physical 
descriptions and conditions of the apparatus and test site. 
In Chapters VI, a simulation of the multi-path propagation 
1s presented and compared with the results of a field test 
in Aberdeen Proving Grounds, MD. The results of the 
analysis in this thesis lead to the conclusion that 
Waterhammer may not be viable in its present concept 


design. 
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II. DEFLAGRATIONS 


A. OVERVIEW 


When an explosion 1S initiated within a mass of 
explosive material, a pressure wave is formed within that 
material. It is then transmitted into the surrounding 
medium. This pressure wave is caused by a complex series 
of phenomena during the conversion of the explosive 
material into gaseous reaction products. The speed at 
which the pressure wave propagates through the material and 
the rate at which the reaction takes place is dependant 
upon the type of explosive material used. In “high” 
explosives like TNT, the velocity of detonation is between 
15,000 and 30,000 ft/s, whereas materials such as black 
powder produce velocities of only .1 to 1 ft/s. This speed 
is the basis for categorizing the explosive process. 
Detonations, such as with TNT, are supersonic reactions, 
while the chemical reaction found in black powder, is 
called deflagration. The speed of deflagrations is 
contained solely in the subsonic region. These speeds also 
create two vastly different pressure pulses, as Figure 2.1 
illustrates. The detonation material, TNT, creates a shock 
wave characterized by an infinitely steep front, a high 
peak pressure, and a rapid decay. The deflagrating 


material, black powder, generates a relatively low, broad 
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pressure pulse. The width of the corresponding pressure 


pulse is determined by the rate at which the material 


consumes itself. 
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Figure 2.1 - Pressure as a function of time for a 
deflagration of black powder compared to a comparable 
deconationver iN where 2 ).. 


B. BURN RATE 
In a deflagration the chemical reaction that takes 


place 1s through a rapid progressive burning of the 
exposed, unburned surface of the explosive material. The 
Size and shape of the grains within the explosive control 
the rate of the chemical reaction, while the amount of 
exposed, unburned area dictates the burn rate. As the 


chemical reaction proceeds, the surface of the burning 


explosive recedes layer by layer in a direction normal to 
the surface until the complete particle or grain is 
consumed. This rate of regression, or linear burn rate, 


designated r, can be calculated with Vieille’s Law (1893). 
r =f Pp* (Eqn. 2.1) 


The index Q@, known as the burning rate index, has to 
be determined experimentally. Typical values for Q@ are 


between 0.3 and 1.0. The coefficient of burning rate is 6, 
and P is the pressure resident at the surface of the 
explosive. As the burn rate increases, the period of the 
corresponding pressure pulse decreases accordingly. Using 
this knowledge, Waterhammer uses an aluminum powder based 


fuel. 


C. DESTRUCTIVE PROPERTIES 


For underwater operations, a shock wave of significant 
period must be generated to create the destructive power 
required to neutralize mines and obstructions. Since 
bottom mines are not rigidly affixed to the bottom and 
moored mines are free to float within the water colum, a 
short pressure impulse will simply move the mine or 
obstruction off to the side instead of rendering it 


useless. In order to obtain the maximum destructive force, 


the intended object must be completely enveloped within the 
pressure pulse. By completely enveloping the target with 
the pressure pulse, the target does not get simply pushed 
aside (pressure on each side is equal) and a maximum 
destructive force may be achieved. With the high-pressure 
shock wave completely encapsulating the target, the shock 
pressure may stress the target beyond its elastic limit 
Causing permanent deformation or rupturing the hull of the 
mine. In principle, through continuous bombardment, mines 


can be rendered useless and obstructions can be destroyed. 
For most mines, a 450 us pulse is required to envelop the 


typical obstruction or mine cross section. This 450 us 
pulse moving at the nominal sound speed in water of 1500 


m/s envelops a length of .675 mor 2.21 ft. 


D. FUEL SELECTION AND MIXING 


In the concept design for Waterhammer to be effective, 
the explosive fuel must have the following characteristics. 
First, the explosives must create a long pressure pulse, so 
materials resulting in deflagrations are the obvious 
choice. The fuel must also possess the required burn rate 
to be able to produce the proper period and high pressures 
required to effectively neutralize the target. Waterhammer 


is designed to use 40 g of fuel within each combustion 
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chamber. Using Eqn. 2.1 with an intended fuel load of 40 g 
(.04 kg) and a required period of 450 us, a burning rate of 
88.89 kg/s is required to form the desired pulse length. 
Vieille’s Law for a required burn rate of 88.89 kg/s at a 
hydrostatic pressure of 2.24x10° Pa, which corresponds to a 
40 ft depth, is satisfied by the a@ and B parameters for 
aluminum powder based fuel. This fuel source is inert 
until it is mixed with water, which will be provided by the 
sea. Even when it is mixed, in proper proportions, with 
water, the shock from a spark discharge must be applied to 
trigger the reaction. This allows the device to be 
transported safely or even refueled without the worry of 


accidental combustion. 


In any combustion, the ratio of available fuel to 
oxidation agents is the fundamental method for determining 
the perfect, stoichiometric, mix. In the case of 
Waterhammer, aluminum powder is mixed with water in the 


following proportions: 
2 Al + 3 H2O — Al1203 + 3 Hz + 820 kj 


The reaction yields 820 kj of energy released by 108 g 
of fuel, or roughly 7.6 kj for every gram of fuel. This 


energy is then transformed into heat, light and pressure. 


\1 


Although this is the intended fuel, alternative fuels have 
been used during testing. These alternate fuels substitute 
Hydrogen Peroxide for water, yielding the following 


reactions: 


2 Al + 3 H202 — Al1203 + 3 H20 + 1960 kj 


4 Al + 3 H202 — 2 Al203 + 3 He + 2780 kj 


These reactions yield 12.56 kj/g and 13.24 kj/g 
respectively. This allows more energy to be produced in 
each reaction, creating higher pressures with less fuel. 
Since hydrogen peroxide is relatively inexpensive, using 
the aluminum peroxide mix allows one to use less fuel in 
each shot to generate the same pressures and energy 
generated by the aluminum water mixture. Although the 
aluminum peroxide mix produces more energy per gram of fuel 
it will not be used ina final product for three main 
reasons. First and foremost is safety, in this form a 
large spark would ignite the mixture causing a premature 
deflagration. Second, the aluminum peroxide solution 
decomposes rapidly thus limiting the storage capability of 
the fuel. Finally, an aluminum peroxide fuel takes up 
Significantly more space than just aluminum powder. The 


fuel storage capacity of this device is limited, so by 


12 


uSing the surrounding saltwater as a reactant serves to 


conserve fuel storage space. 


Once the proper proportions of aluminum and 
water/peroxide are ee and present within the 
combustion chamber, a spark initiates the deflagration. 
This subsonic reaction gradually builds up pressure and 
temperature within the combustion chamber, forming a high- 


pressure pulse, or shock wave, of the required period. 
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III. SHOCK WAVES 
A. OVERVIEW 


A shock wave 1S a discontinuity of pressure moving 
through a medium. However, mass, momentum and energy are 
conserved across the shock front as it propagates through 
the medium. These conservation laws lead to three 
equations known as the Rankine-Hugoniot Jump Equations, 
which are used to describe the motion of the particles 


within the shock wave (Ref. 3). 
Conservation of Mass: 
Pi/Po = (U-uo) / (U-u;) 
Conservation of Momentum: 
Pi-Po = Po(ui-uUo) (U-uo) 
Conservation of Energy: 
@i-@9 = [(P1ui-PoUo) /Po(U-uo) J -[ (uy7-uo’) /2] 


Shock Pressure is denoted by P (Gpa), while U is the shock 
velocity (km/s), u is particle velocity (km/s), p is density 
(g/cm?) and e is the internal energy. The subscripts 0 and 
1, refer to the state of the material before and after the 
shock, respectively. When the material is at rest, prior 


to the arrival of the shock, then up can be neglected. 


ks 


As the shock front propagates through a medium, the 
medium becomes compressed, increasing the density. This 
increase in density causes the remaining portion of the 
shock wave to increase in velocity. Therefore the 
particles just behind the shock front push against the 
particles at the shock front and further push the wave 
along. Simply, the shock velocity is greater than the 
sound velocity in the unshocked material. The particle 
velocity 1s expressed through the empirical relationship 


called the velocity Hugoniot equation (Ref. 3): 
U= Co + Su 


Where co is the bulk sound speed and s is the velocity 
coefficient. The values of cp and s are determined 


experimentally for various materials. 


As shock waves travel through the medium they 
attenuate, although the attenuation process is slightly 
different than that of a sound wave. The shock wave not 
only loses energy due to thermo-viscous disSipation as it 
travels through a medium, but it also loses amplitude due 
to its interaction with a rarefaction wave. Using 
Waterhammer as an example, where a relatively square-wave 
pulse is generated through a deflagration. The front of 


the shock wave is traveling at velocity U, which is 
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determined by P and 9). The shock front then compresses the 
medium and a corresponding rarefaction wave begins 

traveling at velocity, R, determined by the quantities, 0, P 
and u of the material behind and in front of it. R, which 
is traveling into a material at density 01, is greater than 
U, which is traveling into a material of density Qo 
(unshocked). Simply, the rarefaction wave velocity R is 
greater than the shock wave velocity U and can be expressed 


as follows (Ref. 3): 
R= Co + 28u 


The Rarefaction wave then progresses into the square 
region, where the shock wave shape changes from a square- 


wave to form a shape resembling a sawtooth, as Figure 3.1 


illustrates. 
@ 
i 
ane 
Y 
Y 
® 
_ 
O_ 
Distance (or time) 
Figure 3.1 - Progression from a Square wave through 
maturity (sawtooth region) and into “old age” (sinusoidal 


shape) (Ref. 3). 
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The interaction with the rarefaction wave causes a peak 
pressure drop across the wave front. As the peak pressure 
in the front of the shock drops, so does the shock velocity 
U. As the wave propagates further in range, this process 
continually repeats until the peak pressure drops to such a 
low value that the shock wave becomes a sound wave. These 


effects can be expressed in terms of a distortion range 


variable, Go. This variable is defined as (Ref. 4): 
o = Bekroln(r/ro) 
where 
€ = Po/Poco’- 


The sheck marst forms aesrange, I, when 6 =.12 “At 


Ul 
ee) 


range, r, the saw tooth becomes fully formed and 6 
Within the saw tooth region rapid attenuation is a result 
of nonlinear effects. They cause energy to be fed into the 
shocks where it is efficiently dissipated. But as the 
shocks weaken, they disperse and the shock dissipation is 
again slowed. Eventually ordinary small signal 
attenuation, which has been ignored up to this point, 
becomes more important than the attenuation associated with 


nonlinear effects. When this happens the wave reaches old 
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age and the waveform resembles a sinusoid. At this point 
the nonlinearity is of little consequence. The beginning 
of the old@ age region Oecurs at range, = elise: 
calculated as the range at which the rate of attenuation 
due to linear effects 1s equal to those of nonlinear 


effects. Expressions for the three ranges are as follows 


(Ref. 5): 


R = r0 exp(1/fekro) (Eqn. 3.1) 


r= r0 exp(3/Pekro) = ro(R/r0)? (Eqn. 3.2) 


1+Pekroln (rmax/ Xo) 


Here, @® is the appropriate small signal attenuation 
coefficient for the medium at the frequency, W. Constant, 
B, depends upon the equation of state of the medium. For a 
gas it is given by §$ = (1+y)/2, where y represents the ratio 
of specific heats of the medium. Thus, for gases, B = 1.2. 
On the other hand for water, B= 3.5. The wave number, k, is 
k = O/c. 

Since the terms € and k appear together in each 


equation, the nonlinear effects increase with frequency and 


source level. 


19 


THIS PAGE INTENTIONALLY LEFT BLANK 


20 


IV. SATURATION 


A. OVERVIEW 


At low acoustic levels, the amplitude of a received 
Signal at a fixed distance is directly proportional to the 
amplitude at the source. As the amplitude at the source is 
increased, the amplitude at the receiver does not increase 
in direct proportion indefinitely. When the source 
amplitude is increased to very high levels, acoustic 
saturation sets in, a state in which the amplitude of the 
received signal approaches a limiting value, independent of 


the source amplitude. 


The nonlinear effect of acoustic saturation is rather 
a dependence of propagation velocity on the pressure 
amplitude of the sound wave. As discussed previously, high 
positive or negative pressures travel faster than slower 
ones causing the leading edge of the shock wave to 
progressively increase as it propagates, to eventually 
acquire a saw tooth waveform. As the waveform transforms 
into a saw tooth, harmonics of the fundamental frequency 
are generated. The harmonics are generated at the expense 
of the energy in the fundamental frequency. A portion of 
the power in the fundamental is converted into harmonics, 


where it iS more rapidly lost because of the greater 
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absorption at higher frequencies. This harmonic conversion 
process is greater at higher amplitudes than at low ones so 
that, as the source level increases, the harmonic content 
increases as well. This brings rise to a saturation 
effect, whereby an increase of source level does not result 
in a proportional increase in the level of the fundamental 
frequency. However, spreading lessens the deleterious 
effects of harmonic conversion, by reducing the intensity 
of the primary wave. This delays the saturation effect of 


the fundamental in range. 


Yet at any given range from a source, there must exist 
a maximum acoustic level, which the source can produce at a 
particular frequency. Thus, all additional energy pumped 
into the wave by the source is lost at the shock fronts, 


andeaceustLe satiimatilon ITs sala covmave Occurred. 


Theoretical analyses of saturation have largely been 
based on Burgers’ equation and on weak-shock theory. The 
solution of Burgers’ equation shows that as particle 
velocity, U9, becomes very large, the amplitude of the 
acoustic signal at a distant point, x, becomes independent 
of up. In particular, the saturation amplitude of the 


fundamental component u; 1s given by (Ref. 5) 


Usat = (40c)/Bk)e™ (Eqn. 4.1) 
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where @® 1s the small signal attenuation coefficient. 
Whitham’s solution (1952) of the periodic radiation problem 
by means of weak shock theory leads to a different 


saturation amplitude, 
eae = 2co/Pkx (Eqn. 4.2) 


This discrepancy is only apparent, since Witham’s 
solution is valid only in the saw tooth region. Burgers’ 
solution is valid in the more remote, old age region, where 
the shock waves have deteriorated and the waveform 
resembles a sinusoid. Laird (1955) expanded upon the 
previous equations to find the acoustic pressure saturation 
limit within the saw tooth region, where r is the radial 


distance from a source whose radius iS fo. 
Psat (Sawtooth) = 2oco*/Pkrin(r/ro) (Eqn. 4.3) 


These saturation formulas are used to determine curves 
of maximum acoustic pressure, as a function of range, with 
frequency aS a parameter. Once graphed, they show that 
once ina stable saw tooth waveform, 6 = 3, energy in the 
wave 1S continually dissipated at the shock fronts, causing 
the amplitude of the pressure wave to decrease. The 
irreversible energy loss at shock fronts imposes an upper 


limit on how much sound power can be transmitted beyond 
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certain range. As the sources amplitude or frequency is 
increased, the shock formation moves closer to the source, 
with the subsequent increase of energy dissipated before 
the waves arrive at the observation point. Eventually, the 
amplitude is sufficiently reduced that nonlinear effects 
can no longer maintain a shock against thermal and viscous 
losses. All additional energy pumped into the wave by the 
source is lost at the shock fronts, and acoustic saturation 
has occurred. Thus, large amounts of power are wasted due 


to underestimating nonlinear effects. 
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V. APPARATUS AND TEST CONFIGURATION 


A. OVERVIEW 


Although the final product is far from completion and 
many more ideas are yet to be incorporated, the basic 
construction and design of Waterhammer has remained 
unchanged. It consists of a series of combustion chambers, 
attached to nozzles, which extend into the surrounding 


medium. 


The combustion chamber is the singularly most 
important area within the device. Within this area, the 
aluminum powder is injected into the already present 
seawater creating a fuel slurry. Once this fuel slurry is 
produced, a large amplitude spark is applied anda 
deflagration results. As the deflagration burns, the high- 
pressure wave carries unburned fuel, waste products and 


gases through the nozzle and into the surrounding medium. 


B. TEST APPARATUS 


Testing of the product was conducted in three phases. 
The first phase consisted of a single nozzle used to 
establish a fuel mixture, fuel consistency, and isolate the 
pressure effects in each nozzle. The subsequent phase 
consisted of a 1x 4 array designed to measure a relatively 


small pressure pulse of the correct width and amplitude. 


ZS 


These initial two phases were conducted in Alexandria, VA 
at the APTI (designers of the Waterhammer concept) 
laboratory. The final phase consisted of a 4 x 4 array 
tested at Aberdeen Proving Grounds in Aberdeen, MD. The 
purpose of this last phase was to estimate propagation 


losses and beam widths associated with the device. 


During the initial testing phase, a combustion chamber 
and nozzle were used to demonstrate and test various fuel 
mixtures and the resulting combustion chamber pressures. 

In this structure, the measured pressures would be vastly 
different from expectations from a final product due to 
energy release to the adjacent water columns. In order to 
Simulate the pressure field generated by other nozzles, an 
extender tube was placed on the end of the nozzle. This 
tube prevents excess energy from being dissipated into the 
immediate, surrounding water, which would be pressurized by 
the deflagrations within neighboring nozzles. The 
apparatus in Figure 5.1 illustrates the combustion chamber, 
nozzle assembly and extender tube. For the testing 
process, this device was inserted into a metal cylinder 
containing fresh water. Pressure sensors were then 
inserted in the combustion chamber, nozzle assembly and the 


base of the extender tube, as displayed in Figure 5.2. 
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Figure 5.1 - Schematic of a single nozzle with a 14 inch 


extender tube applied. 


During phase two, four nozzles and their independent 
combustion chambers were combined to form a linear array. 
In this series of experiments, the extender tubes were 
omitted since the multiple nozzles pressurized the 
Surrounding medium. Four pressure sensors were placed ata 
height of 12 inches above each nozzle. An additional 
pressure sensor was placed within one of the four 


combustion chambers. 


For the third and final phase, a four by four array 
was established, as seen in Figure 5.3, to model the 
associated beam width. This apparatus differs from 
previous renditions by attaching two nozzles to each 
combustion chamber, resulting in 32 nozzles attached to 16 


combustion chambers. In order to develop a recoilless 
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Figure 5.2 - Test apparatus for Phase One testing. 


hamber, 


Pressure sensors are located within the combustion c 
nozzle assembly and base of the extender tube. 
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Figure 5.3 - Phase Three testing apparatus consisting of 16 
Gouble-ended nozzles. 


system, an opposed nozzle system was utilized. In this 
manner, the associated shock wave emitting from the nozzles 
opposed one another and thus cancels out any sidereal 
forces acting on the device. As a result, Waterhammer 
remained stationary for the entire test process. MThis 
portion of the testing was conducted at Briar Point 
Underwater Test Range in Aberdeen Proving Grounds, 
Aberdeen, MD. Waterhammer was suspended from a large 
floatation device 17 ft below the surface, depicted in 
Figure 5.4. Although located on a slope, the depth of the 
water at that location measured approximately 35 ft. The 
exact location of the device in relation to the bottom 
topography is shown in Figure 5.5. To characterize the 
pressure field and beam patterns associated with each 
firing, pressure sensors were placed in locations depicted 


by Figures 5.6 and 5.7. 
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Figure 5.4 - Graphical depiction of floatation device used 
to suspend Waterhammer 17 feet below the surface. 
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Figure 5.5 - Bottom topography chart of Briar Point 
Underwater Range at Aberdeen Proving Grounds, Aberdeen, MD, 
with testing infrastructure overlaid. 
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Figure 5.6 - Pressure sensor locations during phase three 
testing. Top illustration is a plan, or Birdseye view of 
sensors, 


while bottom portion of figure indicates sensor 
elevation in relation to the center of Waterhammer. 
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Figure 5.7 - Magnified view of sensors located close to 
Waterhammer during phase three testing. 
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VI. CALCULATIONS AND RESULTS 


A. GENERAL PARAMETERS 


In order for the shock wave to completely envelop a 
mine it has been determined that a pulse length of 450 usec 
1s required, corresponding to a frequency of roughly 2.22 
khz or @ = 2mf = 13.96 x 10°. The sound speed within fresh 


water 1S Co = 1480, while in seawater cp = 1500. 


B. TRANSMISSION LOSS 


As the deflagration occurs within Waterhammer, the 
resulting shock wave is propagated into the medium. The 
resulting energy is then spread equally throughout the 
water in multiple paths, or modes, until it reaches its 
target. The number of modes present can be calculated as 


(Ref. 6) 
(m - ¥%)T/D < w/e 


The number of mode present is indicated by m and D is the 
depth of the medium. With the knowledge that W = 27mf and 
solving the above formula for the amount of modes present 


results in: 
m< 2£D/c + ¥% 


Using a depth of 12.2 meters, corresponding to the 


deepest water the device was intended to be used, results 


S55) 


in 36 modes propagating. As the depth decreases, so will 
the amount of propagating modes. At a depth of 1 meter, 
the lowest end of the expected operating range, only three 
modes will propagate. Using a bottom profile chart of the 
Briar Point underwater range at Aberdeen Proving Grounds, 
and a simple Parabolic Equation (PE) model, transmission 
loss predictions were generated for Waterhammer phase three 
testing. The PE model calculates transmission losses in 
relation to range and depth. Bottom and surface effects, 
which affect the amount of propagating modes, are included 
in the model through the use of Split-Step Fourier (SSF) 
analysis (Ref. 7). Basic assumptions are required for this 
model to accurately predict the transmission loss results. 
These assumptions include the bottom composition to be 
uniform and fast (c = 1730 m/s), the bottom type extends 
down beyond 22 meters of depth, and the slope of the bottom 
to be of a constant value. Briar Point’s bottom 
composition consisted of quartz and coarse sand, indicative 
of a fast bottom. For this model, the bottom composition 
was considered to contain a uniform distribution of quartz 
and coarse sand down to a depth of 22 meters below the 
surface. Layers of mud or air pockets beneath the initial 


Quartz and course sand interface would create errors within 
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the propagating modes. Applying SSF analysis within the PE 
model results in the Transmission Loss graph shown in 
Figure 6.1. Each blue ‘X’ represents the location of a 
pressure sensor during phase three testing. For test 
firing saumber  S00SMeonducted one2 4am 2000) sthemsounce 
level corresponded to roughly 265 dB (relative to 1 wPa) at 
the radiating face. After applying the Source Level (SL) 
of 265308 to the Transmission Loss predictions results an 
received pressure levels at various depths over the range 
of the pond. Figure 6.2 displays these results in dB 
relative to 1 uPa. From Figures 6.1 and 6.2, it becomes 
readily apparent that energy is distributed equally across 
all modes. As these modes propagate independently through 
the region of interest, magnitudes and phases are combined 
together to resulting in regions of constructive and 
destructive interference. Also included in this model is 
the attenuation of sound into the bottom. The quartz and 
coarse sand bottom absorbs sound and energy with each modes 
impact, providing the impact angle is less than the 
critical angle. At angles of impact greater than the 
critical angle the energy is reflected back into the water 
column. These figures also depict a great deal of energy 


Ehat 1S transmarecedsin le the Secttom, where 1c contElmues FO 


ay 


propagate downward, effectively stealing the energy from 
the water column. Figure 6.3 shows predicted results for 
each sensor location as compared to the actual test data. 
Although minor discrepancies occur, predicted values 
correlate well with test data, validating the model and the 
SSF process. These minor discrepancies result from a non- 
uniform bottom and a nonlinear slope that were used as 


basic assumptions in the model. 


The SSF model is only designed to operate with sources 
operating well below the saturation limit, where the 
nonlinear effects of water are not present. This model was 
used for the phase three testing because of the relatively 
low source level used for testing. As the source level is 
increased and nonlinear effects become more apparent, this 


model will begin to break down. 
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Transmission Loss (dB rel 1 m) for Briar Point 
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Figure 6.1 - Transmission Loss calculations for the Briar 


Point Underwater Range at Aberdeen Proving Grounds in 
Aberdeen, MD. 
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Sound Pressure Level (dB rel 1 uPa) for Briar Point 
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Figure 6.2 - Received pressure calculations for the Briar 


Point Underwater Range at Aberdeen Proving Grounds in 
Aberdeen, MD. 
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Figure 6.3 - Predicted vs. Experimental data for phase 


three testing at Briar Point Underwater Range at Aberdeen 

Proving Grounds in Aberdeen, MD. Predicted values appear 

as a black dashed line while experimental data is depicted 
as a solid blue line. 


C. SATURATION EFFECTS 


As the pressures are increased and nonlinearities 
become more important, Waterhammer will be limited to the 
Saturation curves for the medium in which it is immersed. 
Using the equations provided from Chapters III and IV, 


Figure 6.4 is produced. From this figure, it becomes 


4] 








obvious that the shock wave pressures rapidly diminish with 
range. From empirical calculations, an impulse of 1000 
psi-usec is desired for an effective means of disposing 
mines and obstructions. Re-plotting Figure 6.4 ina 
different scale and applying the desired benchmark yields 
Figure 6.5. From this graph it 1S apparent that 


Waterhammer will have a lethal range of 5.81 yards. 
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Saturation Pressure within Sawtooth Region 
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Figure 6.4 - Saturation curve depicted as a function of 
Pressure in dB rel 1yPa over distances within the sawtooth 
FeEGi Om. 
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Figure 6.5 - The same saturation curve as Figure 6.4 
redrawn for pressure in Pa (red solid line), including test 


data (black dashed line) and lethal range calculations 
(asterisk) based on a 1000 psi:wsec impulse. 
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VII. CONCLUSION 


In the view of this thesis, nonlinear effects quickly 
become a Significant factor in the effectiveness of 
Waterhammer. The theory basis for this thesis and the 
agreement between predicted and observed pressure levels 
(Fig 6.3 and 6.5) appear to indicate a lethal range of only 
5.81 yards for Waterhammer, even if the source amplitude is 
increased significantly. At these short ranges, surface 
and bottom reflections as well as bottom propagation (Fig 
6.2), that would otherwise reduce the acoustic energy 
density intended for lethality, may not play any role. The 
reduced ranges indicate that many units will be required to 
work cooperatively in order to effectively clear a usable 
path to the beach. Unfortunately, with effective ranges of 
this magnitude, the size of each device and the logistics 
of placing enough devices in theater appear to 
Significantly reduce the viability of Waterhammer as a 
solution to the mine clearance problem in the very shallow 


water region. 
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The concept for using shock waves to clear a path to 
the beach is revolutionary and creative and it may still 
remain applicable in the mine warfare arena. However the 
results of this thesis suggest that Waterhammer in its 


current concept should be amended. 
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